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Abstract
Numerous studies have shown that wind turbine wakes within a large wind farm bring about changes
to both the dynamics and thermodynamics of the atmospheric boundary layers (ABL). Previously, we
investigated the relative humidity budget within a wind farm via field measurements in the near-wake
region and large eddy simulations (LES). The effect of the compounding wakes within a large wind
farm on the relative humidity was also investigated by LES. In this study, we investigate how the areas
of relative humidity variation, that was observed in the near-wake, develop downstream in the shadow
region of a large wind farm. To this end, LES of a wind farm consisting of 8x6 wind turbines with
periodic boundary condition in the lateral direction (inferring an infinitely wide farm) interacting with a
stable ABL is carried out. Two wind farm layouts, aligned and staggered, are considered in the analysis
and the results from both configurations are compared to each other. It is observed that a decrease of
relative humidity underneath the hub height and an increase above the hub height build up within the
wind farm, and are maintained in the downstream of the farm for long distances. The staggered farm
layout is more effective in keeping a more elongated region of low relative humidity underneath the hub,
when compared to the aligned layout.
1 Introduction
With the planned growth of renewable energy and the consequential deployment of a large number of wind
turbines in many countries, research was focused on the climatic impact on the atmospheric boundary
layer (ABL) [24, 8]. Among other approaches, Large Eddy Simulation (LES) has been used extensively
in the last decades to investigate the effect of large wind farm on the ABL (see, for example, Calaf et
al. [12], Lu & Porté-Agel [19], Yang et al. [36], VerHulst & Meneveau [33], Stevens et al. [28], Hayat
et al. [17]). As the kinetic energy extracted from the upstream flow and from above the wind farm (the
so-called ’entrainment’, as was found in previous studies, such as Cal et al. [11], Meyers & Meneveau
[20], Abkar & Porté-Agel [3], VerHulst & Meneveau [33, 34]) is used to generate power, downstream wake
recovery from individual turbines or compounded wakes from multiple turbines is an important issue in
the development of large wind turbine arrays. LES has shown that higher levels of upstream turbulence
intensity aid in the recovery of wakes and moves the location of peak turbulence intensity and turbulent
shear stress closer to the turbine [37].
LES has been used to investigate the influence of atmospheric stability on entrainment, and the results
pointed that the stable atmospheric scenarios lead to reduced entrainment [1]. Alternatively, simulations
point toward a weaker inversion strength or height [7], or increased positive buoyancy [2], increasing the
entrainment rate and shortening the wake recovery. In an LES investigation of Calaf et al. [12], it was
shown that, by neglecting stratification effects and specifically aiming at determining whether surface
scalar fluxes change in the presence of wind turbines, there is an overall increase in scalar fluxes on the
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order of 10%-15% within a fully developed WTABL. Temperature fields within large wind farms in a
stably or unstably stratified ABL have been also investigated using LES (see, for example, Calaf et al.
[13], Sescu & Meneveau [26], Ali et al. [6]). Generally, results agree with lower-resolution model studies
that show how enhanced vertical mixing lowers the temperature above the rotor turbine top tip height and
increases the temperature below the rotor turbine bottom tip height. Very few studies on the application
of LES to predict the humidity budget in the ABL exist, however, and this study is an attempt to fill
this gap (an example of a previous study is Adkins & Sescu [4]). LES numerical experiments have also
been utilized to explore the role of large-scale flow structures within the turbulent wake in entrainment
(Cal et al. [11], Meyers & Meneveau [20], VerHulst & Meneveau [33]). Such numerical experiments have
also demonstrated how synthetic downward forcing of high velocity flow at upstream wind turbines can
enhance kinetic energy entrainment and power extraction [34].
Previous work using both experimental measurements and numerical simulation indicate that wakes
generated inside large wind farms can substantially impact the exchanges of sensible heat and humidity
within the ABL. More extensive investigations are necessary in order to understand and quantify these
exchanges both within and downstream of a wind turbine array boundary layer (WTABL) as associated
changes may impact human activities, especially in an agricultural context. For example, such impacts to
crop production have been identified previously by Takle [30]. Specific examples include: reduced summer
moisture stress, reduced dew duration, spring soil drying, enhanced daytime photosynthesis, enhanced
nighttime respiration, and increased moisture loss during drought (see, for example, Mortley et al. [21],
Pareek et al. [22], Ford and Thorne [15], Tibbitts and Bottenberg [31], Tibbitts [32], or Grange and Hand
[16]).
In a previous study, Adkins and Sescu [4, 5] used experimental measurements to investigate the impact
of a wind turbine on the relative humidity distribution in the near-wake region and numerical simulation
to study relative humidity changes within a broader turbine array. Vertical, lateral and longitudinal
observations allowed profiles of humidity in a stable ABL to be constructed. Vertical profiles with a
decrease in relative humidity below the turbine hub height and an increase above were observed. Within
the near-wake region, the relative humidity at the lower turbine tip height quickly decreased and slowly
recovered with downstream distance. In the spanwise direction, at the lower turbine tip height, the
greatest decreases in humidity were observed on the right-hand side of the wakeÕs centerline. This
change was associated with the descending turbine blades on the right-hand side of the turbine disk and
the wake interaction with the ground. In Adkins and Sescu [4], the agreement between the numerical LES
results and the experimental measurements was found to be good although some of the comparisons were
qualitative; however, we are confident that the comparisons can serve as a validation of the numerical
tool that is being employed in this study, aimed at quantifying the effect of the wind farm shadow (the
region that extends in the downstream of the wind farm for several kilometers) on the humidity budget
in a stably stratified ABL.
The large-eddy simulation framework, the numerical algorithm employed to solve the equations, and
the boundary conditions are outlined in the next section 2. In section 3, numerical results consisting of
contour plots of various quantities or distribution of turbulent kinetic energy and relative humidity along
different directions are presented and discussed. In the discussion, the focus is on how changes in relative
humidity evolve in the shadow region of a wind farm, for both the aligned and staggered layouts.
2 Large Eddy Simulation framework
As in Adkins & Sescu [5], the LES filtered momentum conservation equations with the Boussinesq approx-
imation, transport equations for potential temperature and specific humidity, as well as the continuity
equation are employed,
∂u˜i
∂t
+ u˜j
∂u˜i
∂xj
= −∂p˜
∗
∂xi
− ∂τ˜ij
∂xj
+ δi3g
θ˜ − 〈θ˜〉
θ0
+ fcij3(u˜j − ugj) + Fi + FCPM (1)
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= −∂pij
∂xi
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∂q˜s
∂t
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∂q˜s
∂xj
= −∂pi
q
j
∂xi
+ F qCPM ,
∂u˜i
∂xi
= 0 (2)
respectively, where the spatial filtering at scale ∆˜ is represented by tilde, u˜i, i = 1, 2, 3, are the components
of the velocity field corresponding to the axial x1-direction, lateral x2-direction, and vertical x3-direction,
respectively, θ˜ is the resolved potential temperature, θ0 is the reference temperature, q˜s is the resolved
specific humidity, the angle brackets represent a horizontal average, g is the gravitational acceleration, fc
is the Coriolis parameter, δij is the Kronecker delta, ijk is the alternating unit tensor, p˜∗ is the effective
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pressure divided by reference density, Fi is a forcing term (here modeling the effect of the wind turbines),
and the terms having CPM at the subscript are active in a blending region, where the data from a
precursor domain is transferred on to the main domain (more details below). The SGS stress, heat and
humidity fluxes are given as τij = u˜iuj − u˜iu˜j , pij = u˜jθ− u˜j θ˜, and piqj = u˜jqs − u˜j q˜s. They are modeled
using a Lagrangian scale-dependent model as developed by Bou-Zeid et al. [9], and extended to scalar
transport by Porté-Agel et al. [23].
The numerical tool is a pseudo-spectral LES code that solves the filtered Navier-Stokes equations
using a pseudo-spectral horizontal discretization and a centered finite difference method in the vertical
direction (the grid is uniform in all directions) [13, 25]. Time marching is performed using a fully-explicit
second-order accurate Adams-Bashforth scheme [10]. The continuity equation is enforced through the
solution of the Poisson equation resulting from taking the divergence of the momentum equation. Periodic
boundary conditions are imposed along the horizontal directions. The vertical gradients of velocity and
the vertical velocity component vanish at the top boundary. The horizontal velocities at the first point
away from the wall (z = ∆z/2) are set through the velocity gradients in the vertical direction calculated
using the Monin-Obukhov similarity theory, and the vertical velocity at the wall is set to zero.
A concurrent precursor simulation [27, 18] provides inflow boundary conditions that are introduced
at the downstream boundary of the main domain in order to preserve the periodicity in the streamwise
direction. It may sound counterintuitive to impose inflow conditions at the downstream boundary of
the domain, but since periodic boundary conditions are imposed in the streamwise direction, whatever is
imposed at the outflow boundary is automatically copied to the inflow boundary. The precursor and main
flow domains considered here are identical, except the wind turbines rotors are added to the main domain.
After each time step, a region of the flow data near the outflow boundary of the precursor domain is
blended on to the flow data in a region located in proximity to the outflow boundary of the main domain.
The blending region ensures that the flow data is smoothly transitioned from the precursor simulation to
the main simulation. Assuming that the length of the blending region is Lblend and ranges from x = Ls
to x = Lx, where Lx is the length of entire domain, a generic variable (velocity, temperature, or relative
humidity) in the blending region can be penalized using a source term in the governing equations (FCPM ,
F θCPM , or F
q
CPM ) to match the solution from the precursor domain; for example,
FCPM = w(x)
[
(u˜i)main − (u˜i)prec
]
(3)
where (u˜i)main and (u˜i)prec are flow variables from the main and precursor domains, respectively. The
blending function used here is
w(x) = σ
{
1
2
[
1− cos
(
pi x−Ls
Lpl−Ls
)]
; Ls ≤ x ≤ Lpl
1 ; Lpl < x ≤ Lx
(4)
where Lpl = Lx − 14Lblend (in the simulations included in this study, Lblend = 0.05Lx, Ls = Lx − Lblend,
and Lpl = Lx − 0.25Lblend, where Lx is the length of the flow domain in the streamwise direction) , and
σ is an amplitude, which is set equal to 0.05 in this work. Figure 1 illustrates the procedure that is used
to impose the inflow condition for the main simulation; the shape of the blending function that smoothly
ramps the flow variables of the main simulation to the flow variables of the precursor simulation is also
shown.
Figure 1: The procedure used to impose the inflow condition.
Due to the Coriolis effect, the direction of the wind changes with height in the ABL, subscribing to an
Ekman spiral. This presents a challenge in trying to align the geostrophic velocity components to achieve
the desired flow direction at hub height. For the simulations, an adjustment to the geostrophic wind
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direction is accomplished through manipulation of a Coriolis force type source term in the momentum
equations (see equation (8) in Sescu & Meneveau [25]) in order to achieve the desired hub height flow
direction. Once the flow direction becomes normal to the rotor disk at the hub elevation, this term is
deactivated to avoid unphysical behavior of the flow (more details about this procedure can be found in
Sescu & Meneveau [25]).
An effective top layer of the ABL, isolated from the physically relevant flow within the ABL domain,
is specified via a capping inversion created by a temperature gradient (the inversion strength is 0.01
K/m). To this end, a source or sink of heat is introduced above the top of the ABL within the precursor
simulation to enable the desired atmospheric stability (see figure 2 of Sescu & Meneveau [25]). This is
realized by including a source term in the scalar equation (see equation (4) in Sescu & Meneveau [25]),
where the amplitude is set via a PI controller with the input defined as the difference between the actual
temperature and the desired temperature (see equation (5) and the following discussion in the same
reference [25]).
An actuator disk method with rotation (ADM-R) similar to that employed by Wu and Porté-Agel [35]
is implemented here to model the effect of rotors on the ABL (more details about the implementation of
the ADM-R can be found in Adkins and Sescu [5]).
3 Results and Discussion
Two simulations were performed corresponding to an aligned and a staggered configuration, with the
lateral spacing between two rotors of 416 m, the longitudinal spacing of 680 m, the rotor diameter set to
100 m, the hub height equal to 80 m, and a thrust coefficient of 0.6. The sketch in figure 2 shows the
aligned wind farm and the shadow region, the latter having a streamwise length on the order of 13 km.
A stable ABL with a thermal stratification of 2 K and a geostrophic velocity of 8 m/s, whose direction is
maintained normal to the rotor disk at the hub height, are considered. A positive lapse rate of 0.5 g/kg in
the first 400 m was imposed for the specific humidity (closely resembling the humidity profile found from
the experimental measurements of Adkins & Sescu [5]), where a constant potential temperature of 300 K
and a constant specific humidity flux of 0.01 g/kg m/s were imposed at the ground level. The distance
between the inflow boundary and the first row of the wind farm is approximately 7 rotor diameters (in
the same order as the streamwise rotor spacing), which is sufficiently large to avoid unwanted induction.
Simulations were performed within a domain having downstream, lateral, and vertical dimensions of 20
km x 2.5 km x 0.5 km respectively, on a grid consisting of 512 x 128 x 96 points. In the following, the
relative humidity will be denoted by q, and its time average by q¯.
Figure 2: Wind farm layout with the shadow region.
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a)
b)
Figure 3: Qualitative representation of turbulence in the ABL via iso-surfaces of Q criterion colored by the
streamwise velocity component (the ground is shown in green, and wind turbine rotors are shown in yellow):
a) aligned layout; b) staggered layout. The streamwise direction is scaled down by a factor of 10.
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Figure 4: Turbulent kinetic energy (TKE) progression in the streamwise direction (TKE was integrated in
the lateral and vertical directions). The blending region is not shown in this plot.
Results in terms of iso-surfaces of Q-criterion, contour plots of mean relative humidity, and profiles
of relative humidity in the longitudinal, lateral and vertical directions are presented and discussed next.
The main objective is to analyze the effect of compounding wakes on near-surface relative humidity in
the downstream of the wind farm (referred to as ’shadow region’). In figure 3, we show iso-surface of
the Q-criterion (Q = 1/2[|Ω|2 − |S|2], where S = 1/2[∇v + (∇v)T ] is the rate-of-strain tensor, and
Ω = 1/2[∇v − (∇v)T ] is the vorticity tensor) colored by the streamwise velocity component, where the
ground is in green, and wind turbine rotors are in yellow (the streamwise direction is scaled down by a
factor of 10). We decided to use Q-criterion as opposed to vorticity magnitude because it is one of the
most effective approaches of vortex identification, and it better highlights the turbulence intensity in the
wakes, as well as gives a qualitative representation of the level of mixing. The effect of compounding
wakes is more prevalent for the aligned layout in figure 3a than that corresponding to the staggered layout
in figure 3b. Turbulence in the upstream of the wind farm is characteristic of a stable ABL, with small
flow structures convected by the base flow - the thermally stratified ABL tends to suppress large flow
structures; the appearance of turbulence in the downstream, however, changes since the wind turbine
rotors are efficient mixers, generating more intense flow structures, thus increasing the turbulence kinetic
energy.
The turbulence kinetic energy (TKE) integrated in the lateral and vertical directions as
TKE(x) =
1
zh(y2 − y1)
ˆ zh
0
ˆ y2
y1
[
u′2(x, y, z) + v′2(x, y, z) + w′2(x, y, z)
]
dydz, (5)
where y1 and y2 are the coordinates of lateral boundaries, zh is the height of the domain, and bars
represent time average of the fluctuating velocity components u′, v′ and w′, is plotted as a function of the
streamwise direction in figure 4; both curves corresponding to the two farm layouts were superposed to
each other. The graph clearly indicates that the integrated TKE reaches a maximum at the end of the wind
farm (actually, slightly downstream by roughly a streamwise spacing between two consecutive rotors),
after which it experiences a slow decrease in the shadow region. The integrated TKE corresponding to
the staggered layout (dashed line) increases at a smaller rate within the farm and decreases at a smaller
rate in the shadow region, but reaches a higher level further in the downstream, suggesting a longer
recovery region. The reason for which the wakes recover faster in case of the aligned layout is the higher
turbulence intensity in the wakes and therefore the creation of a stronger vertical kinetic energy flux. This
contrast between the aligned and staggered layouts has been identified in a number of previous studies
(see, for example, Chamorro et al. [14], VerHulst & Meneveau [33, 34], or Stevens et al. [29, 29]). The
higher peak in the TKE for the aligned layout is due to the effect of compounding wakes that enhance
mixing and turbulence intensity more effectively, because the distance between two consecutive turbines
is smaller when compared to the staggered layout.
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Figure 5: Mean relative humidity progression (calculated using equation (6) as a percentage difference)
contour plots: aligned layout (top); staggered layout (bottom). The streamwise direction is scaled down by
a factor of 12, and the rotors are represented by 8 vertical lines).
Next, the behavior of the relative humidity in the shadow region is studied qualitatively and quan-
titatively. First, contours of the time-averaged and spanwise-averaged relative humidity progression
calculated as
∆q(x, z) =
1
T (y2 − y1)
ˆ T
0
ˆ y2
y1
[q(x, y, z, t)− qup(y, z, t)] dydt, (6)
where qup(y, z, t) is the humidity two diameters upstream of the first row of turbines, and T being a
sufficiently long time window (in the order of 1.5 hours, which corresponds to approximately two flow
through times), are plotted in figure 5 for both the aligned (top) and staggered (bottom) layouts (in this
figure, the streamwise coordinate is scaled down by a factor of 12, and the rotors are represented by 8
vertical, black lines). Even with this time window, there where, however, some grid-to-grid oscillations
in the reported results that have been eliminated via high-order filters, which do not compromise the
validity of the results. In the shadow region, both parts of the figure strongly indicate that there is a
reduction of the relative humidity in proximity to the ground, which extends up to the total height of
the wind turbines (∼ 130 m), and that there is an increase above the wind farm. The region of increase
gradually moves upward with the streamwise direction reaching altitudes in the order of twice the total
wind turbine height (∼ 300 m). It is interesting to note that the decrease in the relative humidity in the
vicinity of the ground continues in the downstream of the wind farm for almost another length of the
farm (from 6 km to 10 km for the aligned layout and from 6 km to 11 km for the staggered layout). The
recovery of the relative humidity under the hub (recovery meaning the convergence of the humidity to
the upstream levels) seems to be faster for the aligned layout as indicated by the top panel of figure 5.
The variation of the relative humidity in the streamwise direction evaluated as
∆qmin(x) =
1
y2 − y1
ˆ y2
y1
min
0<z<zh
[q¯(x, y, z)− q¯up(y, z)] dy, (7)
∆qmax(x) =
1
y2 − y1
ˆ y2
y1
max
0<z<zh
[q¯(x, y, z)− q¯up(y, z)] dy, (8)
where bar denotes the time average q¯(x, y, z) = 1/T
´ T
0
q(x, y, z, t)dt, is quantitatively analyzed in figure
6; the minimum values are representative of the humidity decrease under the hub and the maximum
values are representative of the humidity increase above the hub. Apparently, the decrease in relative
humidity under the hub (top panel of figure 6) evolves differently in the streamwise direction for the two
7
layouts: the humidity corresponding to the aligned layout drops at a higher rate between x = 6 km and
x = 8 km than the rate corresponding to the staggered layout; then, it recovers again at a higher rate
in the downstream, while the recovery of the staggered layout is much smaller. This can be correlated
with our previous assertion (in the paragraph before figure 5) about the behavior of the kinetic energy
in the wake, which recovers faster for the aligned layout. Above the hub height (bottom panel in figure
6) the behaviors of the relative humidity variations are not much different between the two farm layouts:
both experience a steady decrease in the shadow region, though at a slightly smaller rate for the aligned
layout. The results in figure 6 indicate that the observed trends in the wind farm, with respect to the
variation of integrated relative humidity both below and above the hub, are similar as in the previous
work of the authors (see figure 9 in Adkins & Sescu), except a slight difference in the levels because the
turbine spacings and the thrust coefficient are different.
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Figure 6: Mean relative humidity progression in the streamwise direction: decrease - under the hub (top);
increase - above the hub (bottom). The blending region is not shown in this plot.
In figure 7, we plot vertical profiles of the time-averaged and spanwise-averaged relative humidity
variation (see equation 6) at selected streamwise locations (they are in fact a quantitative representation
of the contour plots shown in figure 5). Both panels in figure 7 show that the location of zero humidity
variation (where the switching from negative to positive values occurs) gradually moves upward with the
increase in the streamwise location, and that this location is well above the hub height: it varies between
130 m at x = 6 km and 200 m at x = 18 km. Both layouts bring the relative humidity variation to the
same level at the ground, with a faster recovery for the aligned layout as previously concluded from the
contour plots shown in figure 5. Comparing the progression of the relative humidity in the upper layers,
it seems that the staggered farm configuration yields a higher increase in the immediate proximity to the
farm, but then it decreases at a faster rate in the downstream.
The humidity distribution in the vertical direction (i.e., the decrease underneath the hub and increase
above the hub) is dictated by the vertical turbulent humidity flux. A parallel can be made with the
entrainment of kinetic energy from above layers that was observed in previous studies, except here the
humidity is convected in both directions, from and toward the ground. The humidity generated at the
ground level (note that we imposed a humidity flux at the bottom boundary) is convected to the upper
layers by the rotor wakes, namely by the vertical turbulent humidity flux 〈w′q′〉. At the same time, the
dry air masses (or ’less humid’ air) from above the wind farm is convected downward into the wind farm
(this is what we could call ’entrainment’). To support this postulation, in figure 8 we plot contours of
the vertical turbulent humidity flux in (y, z) planes at different streamwise locations, starting from 0.1
diameters (in proximity to the rotor) to 2.5 diameters downstream from the rotor disk. It reveals how the
humidity is convected from the ground on one side of the rotor, and toward the ground on the other side
(the effect of rotation is also captured by these plots). This could be also correlated with the distribution
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of temperature in a wind farm operating in stable conditions, where it was observed that the rotor wakes
slightly heat the air in the region underneath the hub height (while it is known that heating is commonly
associated with a decrease in humidity).
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Figure 7: Vertical profiles of the mean relative humidity for different streamwise locations: a) aligned layout;
b) staggered layout. x = 6 km corresponds to the end of the wind farm.
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Figure 8: Vertical turbulent humidity flux distribution in (y, z) planes at different streamwise locations, in
the wakes of a row of rotors. The distance from the rotor is shown on the left, where D is the rotor diameter.
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Finally, in figure 9 we analyze lateral profiles of the time-averaged relative humidity progression at
four selected streamwise locations to determine the impact of the compounded wakes on the humidity
distribution in the spanwise direction. For the aligned layout, the effect of the wakes seems to be visible
in the profiles that are taken at x = 6 km and x = 8 km, but by the time the flow reaches x = 10 km,
the wakes coalesce and thoroughly mix up the humidity. The mixing from the compounding wakes for
the staggered farm configuration is even higher, as expected, as seen from the bottom panel of figure 9:
while the impact of the wakes is predominant at x = 6 km, by the time the flow reaches x = 8 km the
humidity seems to be well mixed up. The reason for which the wakes’ ’footprints’ in figure 9 (the blue
curve of the top plot, for example) do not show periodicity is because there are large flow structures in
the atmospheric boundary layer that persist for a long time; these flow structures introduce anisotropy
in the time averaging taken along practical time intervals (excessively long time intervals should be taken
to eliminate the effect of these structures from the data). Similar profiles for the maximum increase of
the mean relative humidity progression above the hub, at the same selected streamwise locations, are
illustrated in figure 10. The above conclusions with respect to the effect of the wakes on the lateral
distribution of humidity holds for these profiles as well.
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Figure 9: Mean minimum (close to the ground) relative humidity variation in the lateral direction: aligned
layout (top); staggered layout (bottom).
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Figure 10: Mean maximum (above the hub) relative humidity variation in the lateral direction: aligned
layout (top); staggered layout (bottom).
4 Conclusions
Changes to near-surface relative humidity were analyzed via LES both within and downstream of a large
wind farm in aligned and staggered configurations. In keeping with previous observations and simula-
tions made within the array, mixing brought about by turbines change near-surface relative humidity
by reducing humidity adjacent to the ground and increasing it aloft. This investigation shows that this
alteration remains well beyond two times the streamwise dimension of the wind farm and, at the surface,
is greatest for a staggered layout. Similar to that for TKE, the aligned array configuration allows for a
faster recovery of the decrease in relative humidity adjacent to the ground. Along with a faster recovery,
the decrease in relative humidity does not extend as far vertically for the aligned configuration but, for
both arrangements, extends well above the hub height. While the area of increase in relative humidity
aloft rises vertically with downstream distance, the area of greatest increase extends further in the down-
stream and vertical directions for the aligned array. It was also shown that the humidity distribution
in the vertical direction (i.e., the decrease underneath the hub and increase above the hub) is mainly
the effect of the vertical turbulent humidity flux, which is positive on one lateral side of the rotor and
negative on the other; a consequence of this is a convection of the humidity from and toward the ground,
respectively.
Finally, we advise that any changes of concern with respect to humidity within a wind farm must be
considered for long distances downstream of the wind farm as well, although more investigations (either
numerically or experimentally) in other different conditions are warranted in this respect.
References
[1] M. Abkar and F. Porté-Agel (2013) "The Effect of Free-Atmosphere Stratification on Boundary-Layer
Flow and Power Output from Very Large Wind Farms," Energies, Vol. 6, no. 5, pp. 2338-2361.
[2] M. Abkar and F. Porté-Agel (2015) "Influence of atmospheric stability on wind-turbine wakes: A
large-eddy simulation study," Physics of Fluids, Vol. 27, no. 3, pp. 1-19.
[3] Abkar, M. and Porté-Agel, F. (2014) Mean and turbulent kinetic energy budgets inside and above
very large wind farms under conventionally-neutral condition. Renew. Energy, Vol. 70, 142-152.
11
[4] Adkins, K. and Sescu, A. (2017) Observations of relative humidity in the near-wake of a wind turbine
using an instrumented unmanned aerial system, International Journal of Green Energy, Vol. 14, pp.
854-860.
[5] Adkins, K. and Sescu, A. (2018) Analysis of near-surface relative humidity in a wind turbine ar-
ray boundary layer using an instrumented unmanned aerial system and large-eddy simulation, Wind
Energy, Vol. 21, pp. 1155-1168.
[6] Ali, N., Cortina, G., Hamilton, N., Calaf, M. and Cal, R.B. (2017) Turbulence characteristics of a
thermally stratified wind turbine array boundary layer via proper orthogonal decomposition, Journal
of Fluid Mechanics, Vol. 828, pp. 175-195
[7] Allaerts, D. and Meyers, J. (2015) "Large eddy simulation of a large wind-turbine array in a conven-
tionally neutral atmospheric boundary layer," Physics of Fluids, Vol. 27, no. 6, pp. 1-22.
[8] Barrie,D. B. and Kirk-Davidoff, D. B. (2010) "Weather response to a large wind turbine array,"
Atmospheric Chemistry & Physics, vol. 10, no. 2, pp. 769-775.
[9] Bou-Zeid, E., Meneveau, C. and Parlange, M. (2005) A scale-dependent Lagrangian dynamic model
for large eddy simulation of complex turbulent flows. Phys. Fluids, Vol. 17, pp. 025105.
[10] Butcher, J.C. (2003) Numerical methods for ordinary differential equations, John Wiley and Sons
Inc.
[11] Cal, R. B., Lebron, J., Castillo, L., Kang, H. S. and Meneaveau, C. (2010) Experimental study of
the horizontally averaged flow structure in a model wind-turbine array boundary layer. J. Renewable
Sustainable Energy, Vol. 2, pp. 013106
[12] Calaf, M., Meneveau, C. and Meyers, J. (2010) Large eddy simulation study of fully developed
wind-turbine array boundary layers. Phys. Fluids. Vol. 22, pp. 015110.
[13] Calaf, M., Parlange, M.B., and Meneveau, C. (2011) Large eddy simulation study of scalar transport
in fully developed wind-turbine array boundary layers. Phys. Fluids, Vol. 23, pp. 126603.
[14] Chamorro, L. P., Arndt, R. E. A. and Sotiropoulos, F. (2011) Turbulent flow properties around a
staggered wind farm, Bound-Lay. Meteorol., Vol. 141, pp. 349.
[15] Ford, M.A. and Thorne, G.N. (1974) Effects of atmospheric humidity on plant growth. Ann Bot.,
Vol. 38, pp. 441-452.
[16] Grange, R.I., Hand, D.W. (1987) A review of the effects of atmospheric humidity on the growth of
horticultural crops. Eur J Hortic Sci., Vol. 62, pp. 125-134.
[17] Hayat, I., Chatterjee, T., Liu, H., Peet, Y., and Chamorro, L. P. (2019) Exploring wind farms with
alternating two- and three-bladed wind turbines, Renewable energy, Vol. 138, 764-774.
[18] Haywood, J. and Sescu, A. (2019) A Control Forced Concurrent Precursor Method for LES Inflow.
Flow, Turbulence and Combustion, Vol. 23, pp. 126603.
[19] Lu H, Porté-Agel F. (2011) Large-eddy simulation of a very large wind farm in a stable atmospheric
boundary layer. Phys. Fluids, Vol. 23, pp. 065101.
[20] Meyers, J. and Meneveau, C. (2013) Flow visualization using momentum and energy transport tubes
and applications to turbulent flow in wind farms. J. Fluid Mech., Vol. 715, 335-358.
[21] Mortley, D.G., Bonsi, C.K., Loretan, P.A., Hill, W.A. and Morris, C.E. (1994) Relative humidity
influences yield, edible biomass, and linear growth rate of sweet potato. Hort Sci., Vol. 29, pp. 609-610.
[22] Pareek O.P., Sivanayagam T. and Heydecker W (1969). Humidity: a major factor in crop plant
growth. Rep. School of Agriculture, University of Nottingham, pp. 92-95.
[23] Porté-Agel, F., Meneveau, C. and Parlange, M.B. (2000) ‘A scale-dependent dynamic model for
large-eddy simulations: application to a neutral atmospheric boundary layer,’ J. Fluid Mech., Vol. 415,
pp.261-284.
[24] S. B. Roy, S. W. Pacala, and R. L. Walko (2004) "Can large wind farms affect local meteorology?,
JOURNAL OF GEOPHYSICAL RESEARCH -ALL SERIES-, Vol. 109, no. 19, p. D19101.
[25] Sescu, A. and Meneveau, C. (2014) A control algorithm for statistically stationary large-eddy simu-
lations of thermally stratified boundary layers,” Quart. J. Roy. Meteorol. Soc., Vol. 140, pp. 2017-2022.
[26] Sescu, A. and C. Meneveau, C. (2015) "Large-Eddy Simulation and Single-Column Modeling of
Thermally Stratified Wind Turbine Arrays for Fully Developed, Stationary Atmospheric Conditions,"
Journal of Atmospheric & Oceanic Technology, Article Vol. 32, no. 6, pp. 1144-1162.
[27] Stevens, R., Graham, J., and Meneveau, C. (2014) A concurrent precursor inflow method for Large
Eddy Simulations and applications to finite length wind farms. Renewable Energy, Vol. 68, pp. 46-50.
12
[28] Stevens, R.J.A.M., Gayme, D.F. and Meneveau C. (2016) Effects of turbine spacing on the power
output of extended wind-farms. Wind Energy, Vol. 19, pp. 359-370.
[29] Stevens, R. J. A. M., Gayme, D. F., and Meneveau, C. (2016) Effects of turbine spacing on the
power output of extended wind-farms. Wind Energ., Vol. 19, pp. 359-370.
[30] Takle, E. (2013) CWEX-10/11: Overview of results from the first two crop/wind energy eXperiments.
North American Wind Energy Academy Symposium.
[31] Tibbitts, T.W. and Bottenberg G. (1976) Growth of lettuce under controlled humidity levels. J Amer
Soc Hort Sci., Vol. 101, pp. 70-73.
[32] Tibbitts T.W. (1979) Humidity and plants. Bioscience, Vol. 29, pp. 358-363.
[33] VerHulst, C. and Meneveau, C. (2014) "Large eddy simulation study of the kinetic energy entrain-
ment by energetic turbulent flow structures in large wind farms," Physics of Fluids, Vol. 26, no. 2, pp.
1-20.
[34] VerHulst, C. and Meneveau, C. (2015) "Altering Kinetic Energy Entrainment in Large Eddy Sim-
ulations of Large Wind Farms Using Unconventional Wind Turbine Actuator Forcing," Energies, Vol.
8, no. 1, pp. 370-386.
[35] Wu, Y.-T. and Porté-Agel, F. (2011) Large-Eddy Simulation of Wind-Turbine Wakes: Evaluation of
Turbine Parametrisations, Boundary-Layer Meteorology, Vol. 138, pp. 345-366.
[36] Yang, X., Kang, S. and Sotiropoulos, F. (2012) Computational study and modeling of turbine spacing
effects in infinite aligned wind farms, Phys. Fluids, Vol. 24 (11), pp. 115107.
[37] Yu-Ting, W. and Porté-Agel, F. (2012) "Atmospheric Turbulence Effects on Wind-Turbine Wakes:
An LES Study," Energies, Vol. 5, no. 12, pp. 5340-5362.
13
